Introduction {#s1}
============

Invasive species have large ecological impacts on native species, communities and ecosystems ([@PLV147C13]; [@PLV147C49]; [@PLV147C7]). There are ∼50 000 invasive species and the number is steadily increasing ([@PLV147C44]). About 42 % of the species on the threatened and endangered species list are at risk primarily because of invasive species ([@PLV147C44]; [@PLV147C42]). For example, in Illinois, the location of this study, 1156 invasive plant species had escaped cultivation and became naturalized by 2014, equivalent to 32.1 % of the state\'s total flora ([@PLV147C39]). Of that percentage, 78 % of the species were introduced from outside of North America ([@PLV147C31]). However, predicting whether or not an introduced species will become invasive can be difficult although there is a strong incentive to determining which plants are likely to become invasive before they become too widespread and unmanageable ([@PLV147C67]).

Different approaches have been advocated to assess invasive potential. These include examining plant functional traits, quantifying competitive ability and phylogenetic comparisons. Of these, ecologists are increasingly relying on plant functional traits as a way to understand some of the most fundamental and applied questions because trait-based approaches can help to disentangle the effect of ecological processes on communities ([@PLV147C11]; [@PLV147C8]). Furthermore, testing these methods are critical because it forms a pathway by which plant functional traits influence community assembly, the outcome of biological invasions and species diversity effects on ecosystem function ([@PLV147C37]; [@PLV147C34]). Some of the literature connects plant functional traits to competitive outcomes. For example, species may differ in traits that influence their ability to draw down shared limiting resources or produce offspring, and the resulting average fitness differences may favour competitive exclusion ([@PLV147C55]; [@PLV147C9]). Competitive ability is further correlated with plant functional traits ([@PLV147C69]) in each life stage ([@PLV147C65]).

Competitive ability can be compared between species in two ways: first, by assessing the competitive effect of plants or the ability to suppress other individuals, and secondly, by assessing the competitive response of plants or the ability to avoid being suppressed ([@PLV147C20]; [@PLV147C64]; [@PLV147C69]). Mechanistically, competition can be understood in terms of Tilman\'s resource ratio model that predicts that the growth rate of an individual is determined by the two resources at the lowest availability relative to the plant\'s requirement for all resources ([@PLV147C55], [@PLV147C57], [@PLV147C59]; [@PLV147C35a]). In general, the specific rate of biomass change of a species is based on the limiting resources in the environment ([@PLV147C56]; [@PLV147C35]). The growth of a plant would decrease in the presence of a neighbouring plant if these plants consumed the same limiting resources ([@PLV147C58], [@PLV147C59]; [@PLV147C36]). While Tilman\'s resource ratio model has been widely used in natural systems, it is less widely applied in crop systems although the model still applies ([@PLV147C70]; [@PLV147C38]).

The Amaranthaceae family contains important agricultural weeds, invasive exotics and rare native plants providing a useful system to test concepts related to competitiveness among closely related species. In the US Midwest region, Palmer amaranth (*Amaranthus palmeri*) and tall waterhemp (*Amaranthus tuberculatus*) have been acknowledged as two of the most problematic and widespread agricultural weeds ([@PLV147C5]; [@PLV147C66]). These species have many characteristics that make them successful weeds, including the ability to grow 2--3 m in height ([@PLV147C29]; [@PLV147C62]), a prolonged period of seed germination and seedling emergence late into the row-crop growing season ([@PLV147C24]). Competition of 8 plants m^−2^, starting at crop emergence, resulted in Palmer amaranth reducing soya bean yields by 78 % compared with 56 % for tall waterhemp ([@PLV147C5]). Furthermore, soya bean yield was reduced by 10 % when plants emerged at the V4 growth stage of soya bean ([@PLV147C52]; [@PLV147C53], [@PLV147C54]). Palmer amaranth and tall waterhemp have been found to be very competitive not only with row crops but also with other *Amaranthus* species ([@PLV147C62]).

Japanese chaff flower (*Achyranthes japonica*) is also in the Amaranthaceae and represents a relatively recently introduced species that is spreading across the Ohio River Valley ([@PLV147C47], [@PLV147C48]). This monoecious, perennial, C~3~ herb is native to Korea, China and Japan ([@PLV147C43]; [@PLV147C10]; [@PLV147C14]; [@PLV147C45]). Japanese chaff flower is generally found in areas with some shade and moist soil. However, the species can also grow in drier areas in sun and in densely shaded areas ([@PLV147C45], [@PLV147C46]). Dense patches of Japanese chaff flower have been found in bottomland forests, riverbanks, field edges and in ditches and swales ([@PLV147C14]; [@PLV147C45]; [@PLV147C48]). Large patches of Japanese chaff flower have shown indications of deer browsing and insect feeding, but the plant will release new shoot growth from previously dormant axillary buds and overcompensate ([@PLV147C48]). Apart from anecdotal observations, little has been reported on this species and only recently has an aggressive research campaign been launched to learn more about this species. The occurrence of Japanese chaff flower in row-crop field margins in southern Illinois has prompted concern about its potential competitive effects on crops. In contrast, bloodleaf (*Irisine rhizomatosa*) is classified as endangered in Illinois and Maryland and is considered to be rare in Indiana ([@PLV147C31]; [@PLV147C18]). Despite its endangered and rare status, very little ecological work has been conducted on this species ([@PLV147C18]).

In this study, we conducted experiments based on the above approaches in a multi-year, temporally replicated, set of experiments to compare these assessment methods to determine the invasive potential of Japanese chaff flower. We compared plant traits and competitive ability of Japanese chaff flower with two invasive agricultural species and one endangered confamilial plant species in the Amaranthaceae. Additionally, we assessed the invasive potential based on each of these approaches and determined the degree of agreement between them. Thus, the objective of this study was to determine the relative competitive effect and response of closely related species in the same family to a crop. Two hypotheses were tested: (1) the perennial species, Japanese chaff flower and bloodleaf, will have a lower resource requirement than the annual *Amaranthus* species when competing with interspecific neighbours (measured as resource drawdown) and (2) a competitive effect ranking would be Palmer amaranth \> tall waterhemp \> cut Japanese chaff flower = Japanese chaff flower = bloodleaf. The competitive response rankings will be inversely related among the four species. The rationale behind the hypothesized ranking was developed from personal observations and a literature review of the species.

Methods {#s2}
=======

We tested our hypotheses by conducting two experiments. A resource drawdown experiment was conducted to test how each species utilizes an above- and belowground resource (test of Hypothesis 1), and a field experiment was conducted to determine the competitive effect and response of the study species on soya beans at varying densities and soya bean row spacing (test of Hypothesis 2).

Resource drawdown experiment {#s2a}
----------------------------

The drawdown of light and soil nitrogen (N) by each species was determined in field soil under greenhouse conditions at the Southern Illinois University Tree Improvement Center (TIC) greenhouse. Seeds of each of the four Amaranthaceae species were collected from populations within 161 km of Carbondale, Illinois, each year. Japanese chaff flower seed was collected from Chestnut Hills Nature Preserve (CH: 37°11′N, 89°3′W) located in Pulaski county, Illinois, and bloodleaf seeds were collected from Beall Woods Nature Preserve (BW: 38°20′N, 87°49′W). Seeds of the two annual *Amaranthus* species (Palmer amaranth (located at the Belleville Research Center (BRC 9B: 38°30′N, 89°50′W)) and tall waterhemp (located at BRC T4: 38°31′N, 89°50′W) were collected from glyphosate susceptible populations and underwent a bleach (5.25 % sodium hypochlorite) scarification process to ensure maximum possible seed germination. The soya bean, Japanese chaff flower and bloodleaf seeds did not require pretreatment. Seeds of each species were sown into separate flats with potting soil and allowed to germinate. Seeding rates and timing were determined based on previously measured germination rates and establishment times for each species (e.g. Japanese chaff flower was seeded 10 days before tall waterhemp). When seedlings of each species had emerged, five seedlings per species were transplanted into each experimental pot. Seedling density was chosen based on pot size. We did not want the pot size to be a limitation to plant growth.

Field soil (0--15 cm depth) was collected from Southern Illinois University Agronomy Research Center (ARC). Soil was characterized as having a topsoil of silt loam (0--0.25 m) and subsoil (0.25--1.30 m) of silt clay loam ([@PLV147C26]). Field soil was sterilized and mixed in the ratio of 1 : 1 with sterilized sand to dilute the N concentration and aid in permeability while watering. The mixed soil was placed into 15-cm pots. The average greenhouse conditions included a photoperiod of ∼8--12 h per day, which were determined by supplemental lights in the greenhouse, and a temperature of 31 ± 5 °C. Two soya bean (Asgrow Brand AG3832 plot seed, Illinois origin) seeds were planted in each pot for a density equivalent to soya beans grown in a 38-cm row spacing in agricultural fields.

Resource manipulation treatments of N addition and light reduction (shading) were implemented. Nitrogen was added as granular ammonium nitrate applied at 1 g per pot prior to transplanting the seedlings. Shading treatments were implemented by surrounding the pots with a frame and then covering the frame with a 60 % shade cloth to simulate forested or crop canopies. A frame constructed of PVC pipe was placed around the non-shaded pots to control for shade effects produced by the frames. Pots were watered twice daily with 75 mL. There were five replicates (plus one unseeded control pot) of each treatment with two temporal replicates. Control pots were not sown with seeds to establish a baseline for resource drawdown values. Each run of the experiment lasted ∼4 weeks. Pots were placed in the greenhouse in a randomized complete block design.

### Data collection {#s2a1}

Light intensity drawdown was measured under the plants at the soil surface using a LI-COR Light Meter (Model LI-250; LI-COR, Lincoln, NE, USA) for each pot twice per week. Light quality was measured one time at the end of the experiment using an International Light 1400A radiometer/photometer (IL1400A; International Light, Inc., Newburyport, MA, USA) using white, blue, red (R) and far-red (FR) filters below the leaves. The light quality meter was placed below a leaf of each plant. Light quality was performed on a separate set of pots that did not undergo the N or light treatments.

Performance measurements (height and number of nodes) were recorded twice weekly to use as an indicator of early seedling growth. Above- and belowground biomass were harvested from each pot when the seedlings of each species had reached four nodes indicative of early seedling growth. Thus, all of the plants within a species were harvested at the same time, but the actual harvest date between species varied (i.e. the *Amaranthus* species reached the four-node stage before the perennial species and were harvested a week earlier). Biomass was oven dried (48 h, 55 °C) and weighed. Inorganic N was measured in the soil of each pot using ion-exchange resin bags ([@PLV147C6]). Resin bags were placed into the pot the day that the pots were sown and removed the day that the pots were harvested. Resin bags were constructed from nylon hose and consisted of 5 g of equal amounts of an anion (Dowex 1 × 8, 50--100 mesh; Acros Organics) and a cation (Dowex 50W × 8, 50--100 mesh; Acros Organics) resin. In the laboratory, the resin was extracted with 75 mL of 2 N KCl after shaking for 1 h at 200 r.p.m., filtered through a 0.4-µm filter membrane and the filtrate analysed for NH~4~-N and NO~3~-N on a Flow IV Solution Autoanalyzer (O.I. Corporation, College Station, TX, USA). Total N was determined by adding the NH~4~-N and NO~3~-N values.

Seedling competitive effect and response experiment {#s2b}
---------------------------------------------------

### Study site {#s2b1}

Experimental plots were established at the Southern Illinois University, Carbondale TIC in Jackson County, Illinois (37°42′N, 89°16′W). The soil at the site was a silt clay loam, with a topsoil of silt loam and subsoil of silt clay loam ([@PLV147C26]). The experiment was conducted annually for 3 years (2012--14), with 2012 being a preliminary experiment (data not reported).

### Experimental design {#s2b2}

Seeds, which were collected in southern Illinois that year and were from the same seed source as the resource drawdown experiment, were planted in sterilized pots (15 cm diameter by 15 cm depth) filled with a silt clay loam soil collected from the TIC field. The soil was prepared as in the resource drawdown experiment. The soya bean, Japanese chaff flower and bloodleaf seeds did not require pretreatment. However, as in the resource drawdown experiment, the two *Amaranthus* species (Palmer amaranth and tall waterhemp) were scarified with bleach solution to promote germination. After seedling emergence, the seedlings were transferred to the field and the pots were submerged into excavated holes, so the soil surface in the field and pots were equivalent. Pots were used to prevent the release of Japanese chaff flower into the field, since at the time of this experiment this species had not been found in Jackson county, Illinois. In addition, the planting of an endangered species such as bloodleaf is heavily regulated and the pots provided containment. Volunteer plant seedlings were removed continually throughout the experiment. Each year (2012--14), the experiment was conducted until the plants within a species reached the end of the seedling stage (denoted by the majority of each species reaching the four-node stage) to seek consistent results. Thus, each species had one harvest, but the harvest date may have differed between species. Plants in this experiment were not grown beyond the seedling stage because control of agronomic weeds is frequently targeted at this stage.

Each of the four invasive species (*n* = 5 for invasive species treatment including cut and uncut Japanese chaff flower, see below) were planted either as a monoculture (control) or with soya bean (*n* = 2 for soya bean treatment) (Asgrow Brand AG3832 plot seed, Illinois origin). Japanese chaff flower seedlings were planted either as un-manipulated seedlings (referred to as uncut Japanese chaff flower, ACHJA) or as seedlings cut back to the soil surface at the four-node stage (cut Japanese chaff flower, ACHJA-C) at which point seedlings have reached a perennial growth stage ([@PLV147C51]). The cut Japanese chaff flower plants represent perennial plants that may have survived the previous winter or regrowth from the application of a non-systemic herbicide typically applied prior to commercial soya bean planting. Upon emergence, the Amaranthaceae seedlings were thinned down to the desired seedling densities per pot (10, 30 and 90 for 38-cm rows (Trial 1) and 10 and 30 for 76-cm rows (Trial 2)). Each trial was conducted each year. From here forward, the 10 seedlings per pot density will be referred to as low, the 30 seedlings per pot as medium and the 90 seedlings per pot as high density. One or two equidistant soya bean seedlings were planted 4 cm apart in each pot to simulate typical planting densities of soya bean ([@PLV147C5]) with the Amaranthaceae densities chosen to allow for agricultural conditions of crowding and competition around the soya bean plants. One soya bean per pot represented a 76-cm row spacing for soya beans (Trial 2), whereas two soya bean per pot represented a 38-cm row spacing (Trial 1).

This experimental design was an additive design with repeated measures ([@PLV147C19]; [@PLV147C17]). The treatment design was a fully factorial combination of the four Amaranthaceae species including two stages of Japanese chaff flower (see below) (*n* = 5), four or three different densities (*n* = 4 (38-cm rows) or *n* = 3 (76-cm rows)), presence or absence of a soya bean cultivar (*n* = 2) and four or three replicates (*n* = 4 (38-cm rows) or *n* = 3 (76-cm rows)) for a total of 5 × 4 × 2 × 4 = 160 experimental units (pots) for the 38-cm rows and 5 × 3 × 2 × 3 = 90 experimental units (pots) for the 76-cm rows, a grand total of 250 pots (50 pots per species).

### Data collection {#s2b3}

Height (cm), number of branches, nodes and leaves were measured twice a week for each individual to determine performance. All seedlings in each pot were harvested when the majority of the individuals had reached the four-node stage, oven dried at 55 °C and both above- and belowground biomass weighed (g). Light intensity and soil moisture were measured twice per week in each pot using a LI-COR Light Meter (Model LI-250; LI-COR) and ECH~2~O Decagon Soil Moisture meter (Decagon Devices, Inc., Pullman, WA, USA), respectively.

Statistical analysis {#s2c}
--------------------

For the resource drawdown experiment, a three-way mixed model (SAS Institute) was used to determine the fixed effects of treatment (N, light), density and plant species on plant performance (plant height and nodes). Light quality was analysed using a two-way mixed model testing the effects of light wavelength and plant species on light reduction. The competition experiment was analysed using a repeated-measures three-way mixed model in SAS (PROC MIXED, SAS Institute) to detect treatment effects (fixed effect: weed density, soya bean presence or absence and weed species) on the performance (height, branch numbers, nodes and leaf numbers), light intensity and soil moisture. Random effects were blocks of pots in all tests. Aboveground and belowground biomass were analysed for the Amaranthaceae species and soya bean separately using a two-way mixed model to determine the effect of biomass and density or soya bean presence or absence. Significance was assessed at *P* \< 0.05. A Tukey\'s test was used to determine significant differences among means with significant treatment effects. Based on weed species and soya bean performance, a competitive effect and response ranking was proposed (after [@PLV147C5]; [@PLV147C69]).

Results {#s3}
=======

Resource drawdown {#s3a}
-----------------

In comparison with the controls (pots with no plants), the four Amaranthaceae species each drew down light, but not N (Fig. [1](#PLV147F1){ref-type="fig"}). In terms of light drawdown, bloodleaf drew down the least amount of light (which means that bloodleaf would have the highest percentage of light available at 69.2 ± 5.6 %), indicating that this species had the least amount of plant material shading the soil surface. Palmer amaranth and soya bean drew down the greatest amount of light (26.8 ± 3.5% and 30.2 ± 2.8 %, respectively), and tall waterhemp and Japanese chaff flower drew down an intermediate level of light in comparison with the other species (41.4 ± 2.9 and 45.6 ± 2.2 %, respectively). Figure 1.Relative resource drawdown for total N and light intensity at the soil surface for bloodleaf (IRERH), Japanese chaff flower (ACHJA), Palmer amaranth (AMAPA), tall waterhemp (AMATA), soya bean (GLYMX) and control (C) with 95 % confidence intervals. *n* = 40 plants/species.

There was no significant difference for aboveground biomass between N treatment levels and species, except for Japanese chaff flower and Palmer amaranth (Table [1](#PLV147TB1){ref-type="table"}, Fig. [2](#PLV147F2){ref-type="fig"}A). A significant aboveground biomass interaction occurred between species and shading treatment (Fig. [2](#PLV147F2){ref-type="fig"}B). Each species produced more aboveground biomass without the shading than under the 60 % shading treatment, except bloodleaf. Again, Japanese chaff flower produced a similar amount of aboveground biomass (0.75 ± 0.03 g per pot) to both Palmer amaranth (0.6 ± 0.04 g) and tall waterhemp (0.55 ± 0.02 g) without shading. The soya bean crop produced the largest aboveground biomass (2.5 ± 0.03 g), whereas bloodleaf produced the smallest biomass (0.3 ± 0.01 g). Belowground biomass was affected by the shade treatment (Table [1](#PLV147TB1){ref-type="table"}), and there was a trend towards an increase for the *Amaranthus* species and a decrease for Japanese chaff flower and soya bean in belowground biomass with additional soil N (Fig. [2](#PLV147F2){ref-type="fig"}C). A greater amount of belowground biomass was attributed to the N addition for all species, especially Japanese chaff flower (2.7 ± 0.3 g). Belowground biomass of Palmer amaranth and tall waterhemp were similar regardless of soil N treatment without shading. Table 1.*F* and *P* statistics for above- and belowground biomass (g), in the greenhouse experiment, for N and light for the four Amaranthaceae species and soya bean. df, degrees of freedom. ^1^Treatments with and without the 60 % shade cloth (*n* = 2). ^2^Treatments with and without the addition of ammonium nitrate (*n* = 2). ^3^All study species (*n* = 5).Treatment/variabledfAboveground biomassBelowground biomass*FPFP*Shading^1^1, 1217\<0.000171.35\<0.0001Nitrogen^2^1, 1217\<0.000161.05\<0.0001Shading × nitrogen4, 643.710.08649.390.0069Species^3^4, 2859.9\<0.000119.89\<0.0001Species × shading4, 643.940.00646.260.0003Species × nitrogen4, 642.190.07994.120.0051Species × shading × nitrogen4, 6459.90.67533.680.0092 Figure 2.Mean (±SE) aboveground biomass in response to (A) N and (B) light treatments, and (C) belowground biomass in response to the interaction between N and light treatments. Species nomenclature is as follows: bloodleaf (IRERH), Japanese chaff flower (ACHJA), Palmer amaranth (AMAPA), tall waterhemp (AMATA) and soya bean (GLYMX). \*Above pairs of bars indicates a significant difference (α = 0.05) between mean values in aboveground biomass comparisons between monocultures with or without N or light.

An interaction between wavelength and species (*P* \< 0.0001) was evident for the mean reduction in light quality (Fig. [3](#PLV147F3){ref-type="fig"}). Bloodleaf (60.7 ± 1.5 %) and soya beans (57.2 ± 2.9 %) had the lowest FR light reduction through shading, whereas Japanese chaff flower had the higher reduction (97.3 ± 0.5 %). The *Amaranthus* species had a similar reduction of FR light (AMAPA: 54.5 ± 1.1 %; AMATA: 52.4 ± 2.7 %). All of the species showed a mean per cent reduction in R light quality, but Japanese chaff flower reduced R light the least (57.0 ± 1.1 %). In this study, the R/FR ratios were comparable for all of the species (*P* \> 0.05)---bloodleaf: 1.37 ± 0.58, Japanese chaff flower: 1.51 ± 0.45, Palmer amaranth: 1.51 ± 0.64, tall waterhemp: 1.56 ± 0.82 and soya bean: 1.43 ± 0.56. Figure 3.Mean (±SE) per cent reduction of light quality in response to study species and soya bean. Species nomenclature is as follows: bloodleaf (IRERH), Japanese chaff flower (ACHJA), Palmer amaranth (AMAPA), tall waterhemp (AMATA) and soya bean (GLYMX). Mean values with the same letters are not significantly different at *α* = 0.05 within a species.

Competitive effect and response {#s3b}
-------------------------------

The competitive response of the study species to soya bean was similar between trials within the same year. In 2013, for both trials, plant height was related to species, density and days after planting (Table [2](#PLV147TB2){ref-type="table"}). Tall waterhemp grew the tallest at the low and medium densities in both trials, with Palmer amaranth and uncut Japanese chaff flower grew to a similar height (Fig. [4](#PLV147F4){ref-type="fig"}A and B). Both Palmer amaranth and uncut Japanese chaff flower were not affected by density, whereas tall waterhemp was density sensitive. The cut Japanese chaff flower plants were the shortest regardless of trial. In Trial 1, at the highest density (90 seedlings per pot), both *Amaranthus* species reached the same height by the final day after planting (DAP) (Fig. [4](#PLV147F4){ref-type="fig"}A). In 2014, however, there was an interaction between species, DAP and soya bean (Table [2](#PLV147TB2){ref-type="table"}). Regardless of the trial, when soya beans were present, the height of bloodleaf was reduced (Fig. [4](#PLV147F4){ref-type="fig"}C and D). By DAP 23 in both trials, monocultures of seedlings of the two *Amaranthus* species were the largest, with both cut and uncut Japanese chaff flower seedlings only 1 cm shorter. Bloodleaf was the shortest in both trials each year. The competitive response between years, regardless of trial, was comparable with each other. Table 2.Significant effects and interactions among groups based on Amaranthaceae species competitive effect and response (field experiment) to soya bean presence/absence. Only significant differences are shown within a variable. Pooled over species. *N*, the number of groups in a treatment or variable; df, degrees of freedom; T1, Trial 1; T2, Trial 2; Species, study species; Soya bean, soya bean(s) present; DAP, day after planting; Density, study species density (T1: 10, 30, 90; T2: 10, 30).Variable/effect*N*df*FP*Soil moisture T1-2013: Species × soya bean × DAP608, 1101.760.0366 T1-2013: Density × soya bean × DAP368, 2404.66\<0.0001 T1-2014: Soya bean × DAP123, 1477.770.0438 T2-2013: Species × DAP3015, 4822.88\<0.0001 T2-2013: Density × soya bean × DAP4815, 5883.89\<0.0001 T2-2013: Species × density × soya bean4016, 2461.920.0034 T2-2014: Species × DAP3015, 5882.190.0062 T2-2014: Soya bean × DAP123, 3225.330.0013Light intensity at the soil surface T1-2013: Density × soya bean82, 1140.880.04184 T1-2014: Density × soya bean62, 12.14.750.0299 T2-2013: Density × soya bean83, 2242.940.0338 T2-2014: Density × soya bean63, 27.27.740.0007Species height T1-2013: Density × soya bean65, 90.94.620.0379 T1-2013: Species × density × DAP9016, 1582.230.0063 T1-2013: Species × DAP × soya bean608, 1102.940.0003 T1-2014: Species × DAP × soya bean608, 1108.27\<0.0001 T1-2014: Species × density × DAP9016, 1583.520.0012 T2-2013: Species × density × DAP12032, 3442.66\<0.0001 T2-2014: Species × DAP × SB6021, 2421.730.027Soya bean height T1-2013: Species × density158, 24.13.090.0151 T1-2014: Species × density1512, 64.11.940.0345 T2-2013: DAP × density2412, 2295.06\<0.0001 T2-2013: Species54, 682.920.0305 T2-2014: DAP65, 78.331.88\<0.0001 T2-2014: Species × density2012, 64.11.980.0406Species aboveground biomass T1-2013: Species × density1512, 823.370.0186 T1-2014: Species × soya bean104, 304.920.0067 T2-2013: Species × density × soya bean4016, 1382.660.0016 T2-2014: Species × soya bean104, 66.95.020.0013Soya bean aboveground biomass T1-2013: Density32, 166.400.0051 T1-2014: Species54, 8615.01\<0.0001 T2-2013: Species × density2012, 49.31.790.0757 T2-2014: Species × density2012, 482.490.0127Belowground biomass T1-2013: Species × density1512, 1023.530.0026 T1-2014: Species × density × soya bean308, 76.53.100.0361 T2-2013: Species × density1512, 1023.350.0004 T2-2014: Species × density × soya bean308, 76.53.750.001 Figure 4.The competitive response of the mean (±SE) species height for (A) Trial 2 2013, (B) Trial 1 2013, (C) Trial 2 2014 and (D) Trial 1 2014 to soya bean. Study species nomenclature is as follows: bloodleaf (IRERH), uncut Japanese chaff flower (ACHJA), cut Japanese chaff flower (ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA). Mean values with the same letters are not significantly different at *α* = 0.05 within a species.

The competitive effect of the study species on soya beans was only apparent in Trial 2 in 2013 (Fig. [5](#PLV147F5){ref-type="fig"}A) and Trial 1 in 2014 (Fig. [5](#PLV147F5){ref-type="fig"}B). There was an interaction between species and density in both trials. In Trial 2 in 2013 (*P* = 0.015), the highest density of cut Japanese chaff flower reduced the height of soya bean the most, followed by the two *Amaranthus* species, uncut Japanese chaff flower and bloodleaf. For the lowest density, the cut Japanese chaff flower again reduced the height of the soya beans the most, followed by uncut Japanese chaff flower and Palmer amaranth. Although the reduction in height was relatively small (1.8--3.1 cm), both uncut Japanese chaff flower and the cut Japanese chaff flower reduced the height of soya bean in a similar manner to the two *Amaranthus* species with bloodleaf having no effect at all three densities. The same trend in soya bean height reduction across all densities occurred in Trial 1 in 2014: the presence of tall waterhemp caused the greatest height reduction, followed by the cut Japanese chaff flower and uncut Japanese chaff flower, with Palmer amaranth reducing the height the least. Consistency in results between trials and years supports intrinsic differences among species rather than short-term environmental variability (phenotypic plasticity). Figure 5.Competitive effect of mean (±SE) soya bean height for (A) Trial 1 2013 and (B) Trial 2 2014 in response to the species bloodleaf (IRERH), uncut Japanese chaff flower (ACHJA), cut Japanese chaff flower (ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA). Mean values with the same letters are not significantly different at *α* = 0.05 within a species.

There was an interaction between DAP, density and soya bean (Table [2](#PLV147TB2){ref-type="table"}) affecting soil moisture in 2013. The soil moisture in the pots with densities of 10, 30 or 90 seedlings per pot was relatively similar regardless of trial **\[see** [**Supporting Information---Fig. S1**](http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/plv147/-/DC1)**\]**. In 2014, however, there was an interaction between DAP and soya bean. In both trials at DAP 10, the monocultures had a lower mean soil moisture than soya bean (19.8 ± 3.5 and 28 ± 4.1 %, respectively), but on all other consecutive DAPs, the opposite was apparent. Mean light intensity at the soil surface for all years and trials, except Trial 2 in 2013 **\[see** [**Supporting Information---Fig. S2**](http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/plv147/-/DC1)**\]**, had an interaction between density and soya bean. Overall, light intensity at the soil surface decreased by 25 % in 2013 and 70 % in 2014 with an increase in the density **\[see** [**Supporting Information---Fig. S2**](http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/plv147/-/DC1)**\]**.

Aboveground biomass was affected by study species and soya bean presence in the 2014 trials (Table [2](#PLV147TB2){ref-type="table"}, Fig. [6](#PLV147F6){ref-type="fig"}C and D) but not the 2013 trials (Fig. [6](#PLV147F6){ref-type="fig"}A and B). In both 2014 trials, the study species monocultures generally had a greater biomass than the mixtures with soya bean. Among the study species monocultures, Palmer amaranth had the greatest biomass (3.7 ± 0.7 g per pot). The cut Japanese chaff flower (Trial 1: 3.4 ± 0.6 g) and uncut Japanese chaff flower (Trial 2: 2.5 ± 0.4 g) had the next largest biomass. In Trial 2, tall waterhemp showed the opposite effect with greater biomass when soya bean was present. Data on the number of branches, nodes and leaves are not reported since these variables showed similar results to height (see [@PLV147C48]). Figure 6.Mean (±SE) aboveground biomass for the study species bloodleaf (IRERH), uncut Japanese chaff flower (ACHJA), cut Japanese chaff flower (ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA) in response to soya bean for (A) Trial 2 2013, (B) Trial 1 2013, (C) Trial 2 2014 and (D) Trial 1 2014. \*Above pairs of bars indicates a significant difference (α = 0.05) between mean values in aboveground biomass comparisons between monocultures and in the presence of soybean.

Neighbour species identity had a direct effect on soya bean biomass (Table [2](#PLV147TB2){ref-type="table"}). Aboveground biomass of soya bean was affected by the interaction between study species and density in only 2014 (2013: *P* = NS; 2014: *P* = 0.01). Regardless of year and density, the highest soya bean biomass was in the presence of bloodleaf indicating that it affected soya bean the least of the species (Fig. [7](#PLV147F7){ref-type="fig"}A and C). In 2013, the ranking of study species effects on soya bean varied with density (Fig. [7](#PLV147F7){ref-type="fig"}A). Figure 7.Mean (±SE) aboveground biomass for the soya bean in response to the species bloodleaf (IRERH), uncut Japanese chaff flower (ACHJA), cut Japanese chaff flower (ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA) for (A) Trial 2 2013, (B) Trial 1 2013, (C) Trial 2 2014 and (D) Trial 1 2014. Mean values with the same letters are not significantly different at *α* = 0.05 within a species.

An overall competitive effect and response ranking among the study species was developed from the results of both the greenhouse and the field experiment based on resource drawdown and competitive abilities. The competitive effect ranking was determined to be: tall waterhemp ≥ Palmer amaranth = cut Japanese chaff flower ≥ uncut Japanese chaff flower \> bloodleaf. The competitive response ranking was the inverse.

Discussion {#s4}
==========

In this study, we examined plant functional traits, competitive ability and phylogenetic relatedness of four closely related Amaranthaceae species. We assessed the invasive potential based on each of these approaches and determined the degree of agreement between them. Specifically, we considered resource drawdown as a functional trait and competitive effect and response to the soya bean crop to reflect competitive ability. A relatively conservative assessment integrating all three approaches would be that the competitive ability of closely related individuals with similar functional traits would share invasive potential. From this perspective, there are indications that Japanese chaff flower has high invasive potential. Thus, we advocate a multimodal approach to assessing invasive potential because each approach offers a different and complimentary dimension of information.

Resource drawdown {#s4a}
-----------------

The observed variation in resource drawdown among the four species can be explained in part by *R*\* theory. An *R*\* value simply is the concentration of a resource that a species requires to survive ([@PLV147C35]). The species with the lowest *R*\* value will outcompete a species with a higher *R*\* for that particular resource ([@PLV147C55], [@PLV147C58]). Under the conditions of this experiment, seedlings of Japanese chaff flower and Palmer amaranth drew down the limiting resources in a similar manner, which indicates that at the early growth stage tested in this experiment, Japanese chaff flower could potentially affect a crop (i.e. soya beans) in a similar way as Palmer amaranth. Thus, these species would likely displace a species such as bloodleaf that show low rates of resource drawdown when grown in mixture. Although bloodleaf was not grown in conditions that were representative of its native environment (i.e. sterilized soil with fertilizer and a crop versus under a forest canopy), the low drawdown of light by bloodleaf may contribute to the slow growth of this perennial species with a poor ability to colonize. These characteristics coupled with habitat loss may have contributed to its endangered status in Illinois, Maryland and Indiana ([@PLV147C18]). Furthermore, the lack of differences between the species for N drawdown may also have been due to the short time frame of the experiments necessary to investigate early seedling competition and because resin bags average nutrient levels over the course of the trial ([@PLV147C33]). We hypothesize that if the experiment had run longer with plants growing beyond the seedling stage, that species differences would have been seen.

[@PLV147C3] proposed that the FR wavelength was reflected by nearby leaves, which allowed for an early detection of neighbouring species that signalled oncoming competition during canopy development. Thus, as the seedlings in this study were growing, FR reflection among neighbours could have been signalling competition and initiating competitive responses through the FR/R phytochrome photoreceptor ([@PLV147C28]). [@PLV147C40] demonstrated *Portulaca oleracea* L. seedlings avoiding growth in the direction of species with higher reflected FR light. Thus, Japanese chaff flower with the lowest reduction in FR light among the species tested here may inhibit neighbouring species growing towards it. Plants growing in the shade of neighbouring taller vegetation are usually receiving reduced light intensity with a decreased R/FR ratio ([@PLV147C68]). Thus, plants grown under such conditions exhibit shade avoidance responses (i.e. elongated stem growth and little new leaf growth) ([@PLV147C50]). Similar responses to decreased light intensity during growth have been reported for Palmer amaranth, where plasticity in acclimation to changing light conditions has enabled Palmer amaranth to develop in shade regions (i.e. under a crop canopy) and to achieve high rates of growth if suddenly exposed to high light ([@PLV147C41]).

Competitive effect and response {#s4b}
-------------------------------

The competitive effect/response ranking in this study is novel because the species that are being compared are within the same plant family, are found in different habitats and their competitiveness varies. In addition, competitive abilities have been based off of more than one trait ([@PLV147C1]). Japanese chaff flower attained a high competitive ranking in this study, despite not being recognized as an agricultural weed. Rankings based on competitive abilities have been used in several other studies that range from closely related weeds ([@PLV147C1]), to less closely related weeds ([@PLV147C29]; [@PLV147C5]; [@PLV147C27]), or to cultivars of a single weed ([@PLV147C22]; [@PLV147C1]). Although Japanese chaff flower may not be fully suited to be the newest weed species in agriculture by escaping management strategies implemented by farmers (e.g. current susceptibility of Japanese chaff flower to herbicide modes of action limits its spread in agricultural systems; [@PLV147C51]; [@PLV147C48]), it is still an aggressive weed that farmers and land owners need to be able to identify. This species has many similar characteristics to the *Amaranthus* species, such as the ability to colonize in areas with limiting resources, continual flushes of germination throughout the growing season, the ability to outcompete other weed species and high fecundity, but Japanese chaff flower also is a perennial species that can withstand removal of shoot material and has a high germination rate ([@PLV147C48]). Only early detection and rapid response methods can be relied on to keep Japanese chaff flower out of areas in and around agricultural fields. If this species evolves resistance to various herbicide modes of action, as have other taxa in the Amaranthaceae ([@PLV147C25]), it may well become a prominent weed in agriculture. Indeed, the congener *Achyranthes aspera* L. infests field and vegetable crop fields carrying with it parasitic nematodes ([@PLV147C2]).

Additionally, the environment plays a large role in the competitive effect/response of plant species. The similarity in competitiveness between years could be due, in part, to the very similar environmental factors during the month of May, when both trials were initiated. The precipitation levels did vary with 9 cm of precipitation in May in 2013 and 12.5 cm in 2014. Temperature is also an important ecological factor in determining species growth and productivity. Palmer amaranth and tall waterhemp exhibit their highest germination rate of 30 and 50 %, respectively, when mean air temperatures are at 25 °C ([@PLV147C21]).

Conclusions {#s5}
===========

This research serves as an indication that the functional traits conferring competitiveness of closely related species can be very similar, especially when comparing between invasion status ([@PLV147C16]). Although the invasive species of this study, Palmer amaranth, waterhemp and Japanese chaff flower, all exhibited similar competitive and general life-history traits to one another, their habitats do not overlap much in nature. Our study indicates that if these species shared the same habitat, then the perennial Japanese chaff flower could be just as competitive, if not more so, than the well-known annual *Amaranthus* species. Furthermore, as a species actively expanding its invasive range, Japanese chaff flower can potentially invade other habitats, such as agricultural or open fields, given the right conditions. A Japanese chaff flower invasion into agriculture fields is currently improbable. However, pre-existing evolutionary traits as seen in other Amaranthaceae species, e.g. to develop herbicide resistance ([@PLV147C63]), is an evolutionary stepping stone for this species. Undoubtedly, specific management tactics implemented by individual growers or managers will have a significant influence on the rate that herbicide resistance could occur for Japanese chaff flower, as observed in other species (e.g. [@PLV147C4]; [@PLV147C15]).

Overall, this study determined that competition between closely related species is driven by invasiveness and not by life-history traits. A confamilial comparison indicated that competitiveness of the perennial Japanese chaff flower related more towards the other invasive *Amaranthus* species than to the endangered native, perennial bloodleaf. Resource drawdown and competition with soya bean was comparable between all of the invasive species, which should raise concern for other invasive species in different habitats in the same geographic area. More research is needed, however, to determine whether the *Amaranthus* species would compete in a similar manner to Japanese chaff flower in a forested area and whether Japanese chaff flower would compete in a soya bean field as it did in this experiment.
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**Figure S1.** Mean (±SE) soil moisture for (A) Trial 2 2013, (B) Trial 1 2013, (C) Trial 2 2014 and (D) Trial 1 2014. Red lines are indicative of daily average soil moisture. Mean values with the same letters are not significantly different at *α* = 0.05 within a species.

**Figure S2.** Mean (±SE) light intensity at the soil surface for (A) Trial 2 2013, (B) Trial 1 2013, (C) Trial 2 2014 and (D) Trial 1 2014.
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